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The HEX1 gene of Fusarium graminearum was previously reported to be required for the efﬁcient accu-
mulation of Fusarium graminearum virus 1 (FgV1) RNA in its host. To investigate the molecular
mechanism underlying the production of FgHEX1 and the replication of FgV1 viral RNA, we conducted
electrophoretic mobility shift assays (EMSA) with recombinant FgHex1 protein and RNA sequences
derived from various regions of FgV1 genomic RNA. These analyses demonstrated that FgHex1 and both
the 50- and 30-untranslated regions of plus-strand FgV1 RNA formed complexes. To determine whether
FgHex1 protein affects FgV1 replication, we quantiﬁed accumulation viral RNAs in protoplasts and
showed that both (þ)- and ()-strands of FgV1 RNAs were increased in the over-expression mutant and
decreased in the deletion mutant. These results indicate that the FgHex1 functions in the synthesis of
both strands of FgV1 RNA and therefore in FgV1 replication probably by speciﬁcally binding to the FgV1
genomic RNA.
& 2016 Published by Elsevier Inc.Introduction
All viruses are relatively gene-poor and depend on various host
elements to maintain their infection cycles. Thus, all steps of virus
infection depend on speciﬁc interactions between viral elements
and/or factors and host factors. Despite the importance of these
speciﬁc interactions, the identity and function of such host factors
have not been well characterized for many viruses and especially
for mycoviruses.
Two model systems for studying mycovirus-host interactions
are Cryphonectria hypovirus 1-EP713 (CHV1) infecting the plant
pathogen Cryphonectria parasitica and Saccharomyces cerevisiae
virus L-A (ScV-L-A) infecting the yeast Saccharomyces cerevisiae. In
C. parasitica, nam-1, pro1, and bir genes were identiﬁed and
characterized as host factors affecting the CHV1 infection cycle.
CpNam-1 is involved in CHV1 symptom expression (Faruk et al.,
2008), CpPro1 helps maintain CHV1 infection (Sun et al., 2009),
and CpBir is involved in CHV1 infection and transmission (Gaoultural Biotechnology, Seoul
Fax: þ8228732317.et al., 2012). In S. cerevisiae, the host factor N-acetyl transferase
(Mak3p) is required for acetylation of the major coat protein of
ScV-L-A, and this acetylation is crucial for virus assembly
(Wickner et al., 2013). In addition, yeast superkiller (Ski) proteins
have anti-RNA virus activity in that they degrade ScV-L-A viral
RNA (Wickner et al., 2013). Although research on these host
factors has increased our understanding of mycoviruses-host
fungi interactions, the host factors thus far characterized do not
directly interact with viral RNA elements. However, a host cel-
lular protein with viral RNA-binding activity was reported in the
interaction between Helminthosporium victoriae 145S virus
(HV145S) and Helminthosporium victoriae (Soldevila et al., 2000).
This protein, which is named Hv-p68, co-puriﬁed with viral
dsRNA and was proposed to play a role in viral RNA packaging,
replication, and viral pathogenesis.
Fusarium graminearum virus 1 (FgV1) infects the plant-pathogenic
fungus Fusarium graminearum, the causal agent of cereal head blight
on small grains such as barley and wheat (Son et al., 2011). FgV1
infection leads to reduced virulence (hypovirulence) of F. graminearum.
The infection also delays mycelial growth, increases pigmentation, and
reduces mycotoxin production (Chu et al., 2002). The FgV1 geno-
me, which is 6.6 kb long excluding the 30-terminal poly(A) tail, is
Fig. 1. Comparative analysis of sequences and structures of Hex1 and eIF5A. (A) Deduced amino acid sequence alignment of Hex1 from N. crassa (NcHex1), Hex1 from F.
graminearum (FgHex1), and eIF5A from F. graminearum (Fg_eIF5A), P. aerophilum (Pa_eIF5A), and M. jannaschii (Mj_eIF5A). The sequences were aligned with MegAlign in
Lasergene, using the default settings. Secondary structural elements are indicated by empty arrows for β-strands and grey box for helices. Above the arrows and boxes, H
refers to the helix-turn-helix, and β refers to the beta sheet. (B) Overall structure of FgHex1. The helices are in red, and the β-strands are in orange. (C) Overall structure of
Fg_eIF5A. The helices are in sky blue, and the β-strands are in green. (D) Merged structure of FgHex1 and Fg_eIF5A. FgHex1 is in red, and Fg_eIF5A is in dark blue. All proteins
are composed of two mutually perpendicular antiparallel β-barrels. N denotes the N-terminal end of Hex1 and eIF5A. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)
M. Son et al. / Virology 489 (2016) 202–211 203composed of a 53-nt 50 untranslated region (UTR), four distinguishable
putative open reading frames (ORFs), and a 46-nt 30-UTR (Kwon et al.,
2007). In general, these UTRs of RNA viruses include sequences and
structural elements important for viral translation and replication
(Dreher, 1999; Shi and Lai, 2006). In addition, these regions alsofunction as binding sites for cellular proteins required for maintaining
the viral infection cycle in host cells. Although some roles of UTRs in
viral life cycles may remain to be discovered, our knowledge about the
multiple functions of UTRs has been greatly increased by functional
studies of UTRs from hepatitis C virus (HCV), a well-characterized
Fig. 2. Expression of recombinant FgHex1 in E. coli and western blot analysis. Total
fungal proteins extracted from WT-VF and Δhex1-VF were used as controls.
Extracted E. coli total protein is designated Crude-1 and -2 (the numbers refer to
the elution order). FgHex1 protein was puriﬁed using HisGraviTrap and is desig-
nated Eluted-1 and -2. All samples were then separated by 12% SDS-PAGE gel and
stained with Coomassie blue. The positions of the molecular mass markers are
shown on the left of the image.
M. Son et al. / Virology 489 (2016) 202–211204ﬂavivirus. The genome of HCV typically contains a single-stranded,
positive-sense RNA about 9.6 kb in length. The 50- and 30- UTRs of the
genomic RNA interact with each other and bind to viral and cellular
proteins involved in the regulation of translation and replication of
HCV (Shi and Lai, 2006).
We recently reported on the cellular functions of the F. grami-
nearum protein FgHex1, which is required for asexual reproduc-
tion, cellular integrity, and pathogenesis. As a host factor for FgV1,
FgHex1 is also required for efﬁcient viral RNA accumulation (Son
et al., 2013). In particular, genetic modiﬁcation such as target gene
deletion and over-expression of FgHEX1 did not affect the vege-
tative growth in virus-free (VF) condition. However, the vegetative
growth of deletion and overexpression mutants was increased and
decreased, respectively, upon FgV1 infection compared to that of
an FgV1-infected wild-type isolate. These distinguishable pheno-
types among virus-infected strains were correlated from relatively
different accumulation levels of FgV1 RNA, i.e. lower in deletion
isolate and higher in over-expression isolate. The HEX1 gene
encodes a 20-kDa protein that is the major constituent of the
Woronin body (WB), which is peroxisome-derived, micro-
organelle found near septa in typical ﬁlamentous fungi such as
Neurospora crassa, Magnaporthe oryzae, and F. graminearum (Jedd
and Chua, 2000; Son et al., 2013; Soundararajan et al., 2004). In
addition, previous protein tertiary structure prediction suggested
that the Hex1 protein from N. crassa has structural homology with
the eukaryotic translation initiation factor 5A (eIF5A) (Yuan et al.,
2003). The eIF5A protein is widely known to be involved in mRNA
turnover and to stimulate the formation of the ﬁrst peptide bond
during translation (Henderson and Hershey, 2011). Additionally,
homology-based structure prediction demonstrated that eIF5A
contains at least two RNA-binding motifs that can bind mRNA
(Peat et al., 1998).
In this study, we used electrophoretic mobility shift assays
(EMSAs) with recombinant FgHex1 proteins to determine that the
FgHex1 protein speciﬁcally binds to the UTR regions of the plus-
strand RNA of the FgV1 genomic RNA. We also demonstrate thatthe accumulation levels of both strands of FgV1 viral RNA are
affected by the expression levels of FgHex1 proteins in F. grami-
nearum. To our knowledge, this is the ﬁrst report about the reg-
ulation of viral RNA replication by a fungal cellular protein that can
directly bind to viral genomic RNA.Results
Structure of the FgHex1 protein and its homology with eIF5A
A computer-based comparison of the deduced amino acid
sequences of Hex1 and eIF5A showed that F. graminearum Hex1
(FgHex1) has a high level of sequence identity with Hex1 from N.
crassa (72%) but low sequence identity with eIF5A from F. grami-
nearum (21%), Pyrobaculum aerophilum (10%), and Methanococcus
jannaschii (12%). Despite the low levels of sequence identities
between Hex1 and eIF5A sequences, all of these proteins had
substantial structural similarity (Fig. 1A; Arnold et al., 2006).
The homology-based prediction of protein structure demon-
strated that both FgHex1 and Fg_eIF5A have similar two-domain
structures consisting of mutually perpendicular antiparallel β-
barrels. The N-terminal barrel consists of six antiparallel β-
strands and one helix. The C-terminal domain consists of ﬁve β-
strands and two helices (Fig. 1B and C). Comparison of the FgHex1
structure with that of eIF-5A revealed that the two proteins have a
similar structural organization (Fig. 1D).
Puriﬁcation of the FgHex1 protein from E. coli and western blot
analysis
Expression and puriﬁcation of the recombinant FgHex1 protein
from E. coli were carried out following a general pET vector based
protein expression system. The cellular FgHex1 protein is a poly-
peptide with 186 amino acids and a molecular mass of about
20 kDa (Son et al., 2013). However, additional nucleotide sequen-
ces in the cloning/expression region of the pET-28a(þ) expression
vector increased the molecular mass of the recombinant FgHex1
protein by approximately 5 kDa (Fig. 2, lane Eluted-1).
Western blot analysis using anti-Hex1 antibody was carried out
to verify that the expressed protein was FgHex1. The analysis
detected: one major band with a molecular mass of approximately
20 kDa in the lane loaded with cellular fungal proteins extracted
from mycelium; one major band with a molecular mass of about
25 kDa with some other non-speciﬁc minor bands in the lane
loaded with total proteins extracted from E. coli; and no band in
the lane loaded with proteins puriﬁed from the FgHEX1 deletion
strain (Fig. S1 in the supplementary materials). Only one major
protein band, however, was detected from His-tag column puriﬁed
protein (Fig. S1, lanes Eluted-1 and Eluted-2).
Speciﬁc binding of FgHex1 to both 50- and 30-UTRs of the FgV1 plus-
strand RNA
To determine whether FgHex1 and FgV1 viral RNAs physically
interact, 11 plasmids were constructed. Using these plasmid, RNA
probes were generated by in vitro transcription of the cDNA con-
struct. These plasmids could transcribe both plus and minus
strands of various FgV1 viral RNA regions were generated (Fig. 3A).
Puriﬁed recombinant FgHex1 protein was also subjected to
desalting, buffer exchange, and protein clean up using PD-10
Desalting columns. After elution, the FgHex1 protein band was
detected by SDS-PAGE (Fig. 3B).
Electrophoretic mobility shift assays (EMSAs) were used to
study the interaction between the FgHex1 protein and FgV1 viral
RNA. The results showed that distinct RNA–protein complexes
Fig. 3. Plasmid construction and FgHex1 protein manipulation. (A) Schematic
representation of constructs used for in vitro transcription. All plasmid constructs
contained bacteriophage-derived T7 promoter for transcription and were further
linearized by restriction enzyme. The letters in the boxes refer to various regions of
FgV1. The numbers above the boxes refer to the position in the nucleotide sequence
of FgV1 (GenBank accession #AY533037.2). (B) SDS-PAGE of FgHex1 protein that
had been puriﬁed on a PD-10 desalting column. Desalted FgHex1 protein was
analyzed on a 12% SDS-PAGE gel and then stained with Coomassie blue. The
positions of the molecular mass markers are shown on the left of panel B.
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FgHex1 and 50- and 30-UTRs of plus-strand RNAs; binding was
absent or signiﬁcantly reduced with plus-strand RNA from the
central region (Fig. 4A, top panels). With gradually increasing
levels of FgHex1 protein (from 25 nM to 300 nM), the remaining
free RNA probes were decreased when both 50- and 30-UTRs of
plus-strand RNAs were used as probes (Fig. 4B). In contrast,
mobility and levels of free RNA probes were not reduced when
minus-strand RNAs were used as probes (Fig. 4A, low panel).
EMSAs were also performed with both plus and minus RNA
probes derived from the 50 region of subgenomic RNA 1 and 2
(sgRNA1 and sgRNA2). Complex formation with delayed migra-
tion was not evident on the gel (Fig. S1 in the supplementary
materials). Competition analyses were used to evaluate the spe-
ciﬁcity of FgHex1 binding to the 50- and 30-UTRs of plus-strand
RNAs. Unlabeled 50- and 30-UTRs of plus and minus strand RNAs,
sgRNA1(þ) (nt 4736-4862), sgRNA2(þ) (nt 5274–5400), and
Central(þ) (nt 3000–3124) were used as competitors. When
adding 50 folds increased amounts of the unlabeled 50- and 30-
UTRs of plus-strand RNAs were incubated with the FgHex1 before
the addition of the 32P-labeled 50- and 30-UTRs of plus-strand
RNAs, formation of RNA–protein complexes was proportionally
decreased (Fig. S2 in the supplementary materials). In contrast,
no inhibition of complex formation was detected when other
unlabeled RNAs were used as competitors (Fig. S2). These results
showed that the homologous competitor or 30-UTR competes for
binding of 50-UTR or vice versa to FgHex1 while non-homologous
competitors are unable to compete for binding even at 50-fold
molar excess (Fig. S2).Truncated FgHex1 proteins were prepared based on the pre-
dicted structure of FgHex1 (Fig. 5A). Full-length FgHex1 protein
was divided at position 111 (amino acid valine) between β-strand
6 and β-strand 7 (Fig. 1A). Because this residue is located at center
of the loop that separates the two-domain structures of FgHex1
protein, this division separates the domain structures with low
chance of altering protein structure (Fig. 1B). Recombinant
FgHex1-N and FgHex1-C proteins were expressed and puriﬁed
from E. coli as described above (Fig. 5B). EMSAs were carried out to
determine which domain of FgHex1 functions in binding to both
50- and 30-UTR of plus-strand RNA. Surprisingly, both FgHex1-N
and FgHex1-C proteins formed RNA-protein complexes only with
plus-strand 5'-UTR RNA from FgV1 (Fig. 5C and D).
Strand-speciﬁc quantiﬁcation of FgV1 viral RNA accumulation
Northern blot analysis was performed to determine whether
FgHex1 inﬂuences FgV1 viral RNA accumulation in a strand-
speciﬁc manner. The results showed an increased accumulation
of plus-strand viral RNA in the HEX1 OE-VI strain and decreased
accumulation in the Δhex1-VI strain relative to the WT-VI strain at
5 days post-incubation (dpi) (Fig. 6A, left panel). A similar pattern
of accumulation was observed for the minus-strand viral RNA, i.e.,
increased accumulation in the overexpression strain and
decreased accumulation in the deletion strain (Fig. 6A, right
panel).
First-strand qRT-PCR was also carried out to quantify the
accumulation levels of both plus- and minus-strand viral RNAs.
Relative to plus-strand viral RNA accumulation in WT-VI at 5 dpi,
accumulation was decreased by 3-fold in Δhex1-VI and increased
by 42.8-fold in HEX1 OE-VI (Fig. 6B). Relative to minus-strand
viral RNA accumulation in WT-VI, accumulation was decreased by
approximately 3-fold in Δhex1-VI and increased by 2.5-fold in
HEX1 OE-VI. Overall, accumulations were approximately three
times greater for plus-strand RNAs than for minus-strand RNAs in
all strains (Fig. 6B).
The effect of FgHex1 on strand-speciﬁc RNA accumulation in
protoplasts
To measure plus- and minus-strand viral RNA synthesis levels,
we should have transfected virus-free protoplast and monitor
virus RNA levels. Unfortunately, such a system is unavailable for
FgV1 yet. Therefore, we prepared FgV1 pre-infected protoplasts to
investigate both plus- and minus strand viral RNA accumulation
(see Materials and Methods) while excluding other molecular
mechanisms affecting viral RNA accumulation in host cells (such as
cell-to-cell movement). The levels of accumulation of both strands
of viral RNA were determined by northern blot analysis and ﬁrst-
strand qRT-PCR at 0, 18, and 36 h post-incubation (hpi).
The strand-speciﬁc northern blot analysis showed that the
accumulation of plus and minus strands of viral RNAs in virus-
infected protoplasts generally increased in the over-expression
strain and decreased in the deletion strain relative to the WT-VI
strain (Fig. 7A). Although the northern blot and qRT-PCR results
were somewhat similar with total RNA from FgV1 pre-infected
protoplasts and from mycelia (Fig. 6 vs. Fig. 7), the plus-strand
viral RNA in the over-expression strain gradually increased up to
36 hpi while plus- and minus-strand viral RNA from other strains
did not signiﬁcantly change (Fig. 7A). According to image quanti-
ﬁcation analyses of the northern blots, the average increase for the
over-expression strain at 36 hpi was approximately 1.6-fold.
qRT-PCR with ﬁrst-strand cDNA also revealed that accumulation
of plus- and minus-strand viral RNAs was increased in HEX1 OE-VI
and decreased in Δhex1-VI (Fig. 7B). As was the case with the
northern blot results, qRT-PCR results indicated that accumulation of
Fig. 4. In vitro interaction between FgV1 RNA and FgHex1 as indicated by electrophoretic mobility shift assay (EMSA). (A) EMSA for FgV1 RNA–FgHex1 protein complexes.
Above each gel, R indicates the lane containing only RNA probe, and the triangle indicates the increase in FgHex1 concentration. The numbers above the gels indicate the
concentrations (nM) of recombinant FgHex1 protein. The letters on the left of the images indicate RNA probes derived from various regions of the FgV1 genome. (B) The
percentage of free (unbound) RNA probes detected in EMSAs. The band intensities of free RNAs were determined using TotalLabQuant image quantiﬁcation software. The
quantity of free RNA probes in each R lane was set at 100% for each assay.
M. Son et al. / Virology 489 (2016) 202–211206the plus-strand viral RNA of the over-expression strain increased
gradually from 0 to 36 hpi by about 2-fold. Although numerical
values differed somewhat between northern blot and ﬁrst-strand
qRT-PCR results, the trends were similar, i.e., only the plus-strand of
viral RNA accumulation in HEX1 OE-VI strain among other VI strains
increased gradually during 36 h (Fig. 7B).
Discussion
We previously introduced FgHEX1 deletion and over-expression
isolates and determined mRNA and protein expression levels ofthese genetically modiﬁed isolates. We then demonstrated that
accumulation of FgV1 viral RNA is affected by HEX1 gene expres-
sion in both liquid and plate culture; the accumulation of FgV1
RNA increased in the HEX1 over-expression strain and decreased in
the deletion strain relative to accumulation in the WT-VI strain
(Son et al., 2013). As an extension of that report, the current study
attempted to determine how FgHex1 protein affects FgV1 RNA
accumulation at the molecular level. We ﬁrst used in vitro
approaches, i.e., protein structure prediction, fungal protein
expression in bacterial cells, and an RNA-protein binding assay.
The in vitro results indicated that a 20-kDa host factor, the FgHex1
Fig. 5. In vitro interaction between FgV1 RNA and truncated FgHex1 protein as indicated by EMSA. (A) Schematic representation of truncated FgHex1 protein and full-length
FgHex1 protein. The letters in the boxes indicate the identity of the expressed proteins. The asterisks above the full-length FgHex1 protein indicate the amino acid residues of
putative RNA-binding motif 1 in FgHex1: Lys135, Tyr147, Arg149, and Arg171, respectively. The plus signs below the full-length FgHex1 indicate amino acid residues of
putative RNA-binding motif 2 in FgHex1: Arg66, Lys113, and Lys178. (B) SDS-PAGE of truncated FgHex1-N and FgHex1-C proteins after puriﬁcation on a PD-10 desalting
column. The gels were stained with Coomassie blue. (C) EMSA using recombinant Hex1-N protein and RNA probes derived from various regions of the FgV1 genome. Above
each gel, F indicates the lane loaded with full-length FgHex1, and R indicates the lane loaded only with RNA probe. The numbers above each gel indicate the concentrations
(nM) of recombinant truncated FgHex1. The letters on the left of the gels indicate RNA probes derived from various regions of the FgV1 genome. (D) EMSA using recombinant
Hex1-C protein. All letters and numbers in (D) have the same meaning as in (C).
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Fig. 6. Accumulation of plus- and minus-strand viral RNA in all virus-infected
strains. (A) Viral RNA accumulation in WT-VI, Δhex1-VI, HEX1 OE-VI, and Δhex1::
HEX1-VI at 5 dpi as determined by northern blot analysis using different ssRNA
probes (þRNA and RNA). The values below the blot for FgV1 indicate the average
percentage of ssRNA accumulation (7 standard deviations; the assays were per-
formed three times) relative to that of WT-VI, which was set at 100% as determined
with TotalLabQuant image quantiﬁcation software. (B) Relative accumulation of
plus- and minus-strand viral RNA in all virus-infected strains of F. graminearum as
determined by by qRT-PCR using ﬁrst-strand cDNA. Relative transcript levels were
normalized using cDNA of elongation factor 1α and cyclophilin 1. Error bars indicate
standard deviation. All values are signiﬁcantly different at po0.05 according to the
Tukey test.
Fig. 7. Time-course quantiﬁcation of FgV1 RNA replication in virus-infected F.
graminearum protoplasts. (A) Northern blot analysis of FgV1 RNA accumulation in
protoplasts of WT-VI, Δhex1-VI, OE-VI, and Δhex1::HEX1-VI. The values (0, 18, and
36) above the blot images indicate the protoplast incubation times. The ﬁrst row of
values below the blots indicates the average percentage of ssRNA (7 standard
deviations; the assays were performed three times) relative to that in WT-VI at 0 h,
which was set at 100% as determined with TotalLabQuant image quantiﬁcation
software. (B) Relative accumulation (7 standard deviation) of plus- and minus-
strand viral RNA in all virus-infected protoplasts as determined by by qRT-PCR
using ﬁrst-strand cDNA. As in (A), the accumulation percentages are relative to that
in WT-VI at 0 h, which was set at 100%. For clarity, separate graphs are presented
for plus- and minus-strand viral RNA. All values are signiﬁcantly different at
po0.05 according to the Tukey test.
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UTRs of plus-strand RNA) of FgV1 RNA. By quantifying strand-
speciﬁc viral RNA accumulation, we showed that the FgHex1–RNA
interaction might function in plus- and minus-strand RNA synth-
esis in FgV1-infected F. graminearum. Taken together, our results
demonstrate that FgHex1 facilitates accumulation of both plus-
and minus-strand RNA presumably by speciﬁcally binding to the
UTRs of plus-strand FgV1 RNA.
According to previous research concerning the Hex1 protein
from various ﬁlamentous fungi, HEX1 genes encode a 20-kDa
protein that is a major constituent of the WB, a micro-organelle
speciﬁc to ﬁlamentous fungi (Jedd and Chua, 2000; Son et al.,
2013; Soundararajan et al., 2004). The WB seals the septal pore in
response to cellular damage (Son et al., 2013; Yuan et al., 2003).
However, FgHex1 also shares structural and sequence homology
with eIF5A (Fig. 1 in the current study, and Yuan et al., 2003).
eIF5A is a highly conserved protein in organisms ranging from
archaebacteria to mammals. This small (17 kDa) acidic protein
contains the unusual amino acid residue, hypusine (Zanelli andValentini, 2007). eIF5A plays roles in the formation of the ﬁrst
peptide bond during translation and also in the progression of the
cell cycle of yeast and in mRNA decay (Henderson and Hershey,
2011; Li et al., 2010; Preiss and Hentze, 2003; Saini et al., 2009). At
the beginning of our study, we noted that eIF5A has RNA-binding
folds consisting of aromatic rings (Tyr at amino acid position 147)
and positively charged residues (Lys at amino acid positions 113
and 178, and Arg at amino acid position 66, 149, and 178) (Peat et
al., 1998). FgHex1 was predicted to have a similar protein tertiary
structure as eIF5A and to have two putative RNA-binding motifs
consisting of aromatic ring (Tyr147) and positively charged resi-
dues such as Arg66, Arg149, Arg171, Lys113, Lys135, and Lys178
(Fig. 5A). Based on previous studies of IF-5A and on our protein
structure predictions, we suspected that FgHex1 might bind to
FgV1 viral RNA and that this speciﬁc binding might affect viral
RNA accumulation.
The EMSA results showed that recombinant FgHex1 protein
speciﬁcally binds to the 50- and 30-UTRs of genomic plus-strand
RNA (Fig. 4A). The number of RNA-protein complexes that formed
increased as the concentration of FgHex1 increased from 25 to
300 nM (Fig. 4A and B). Although we carried out the assay with a
high concentration of FgHex1 (4300 nM), we could not detect
any RNA–protein complex formation with RNA probes that lacked
the plus strand of both the 50- and 30-UTR regions in repeated
experiments (data not shown). Our previous western blot result
demonstrated high expression of FgHex1 protein in the HEX1 gene
Table 1
Fungal strains used in this study. All strains are described in Son et al. (2013).
Strain Description
WT-VF Wild type (WT), virus-free; Lineage 3
WT-VI WT-VF, infected with FgV1
Δhex1-VF HEX1 deletion mutant
Δhex1-VI HEX1 deletion mutant infected with FgV1
HEX1 OE-VI HEX1 overexpression mutant infected with FgV1
Δhex1::HEX1-VI HEX1 complemented mutant infected with FgV1
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these data suggested that the formation of RNA–protein com-
plexes increased in vivo in an FgHex1-dependent manner and that
the direct interaction between FgHex1 and FgV1 resulted in
increased accumulation of FgV1 RNA.
Homology-based prediction of FgHex1 protein structure
showed that the FgHex1 protein has two distinct domains (Fig. 1B).
These domains formed a protein tertiary complex that resembled
an arch-like bridge spanning a river. According to the location of
residues such as Arg, Lys, and Tyr in the predicted structure of the
FgHex1 protein, RNA molecules might bind to the bridge-like
region between the two domains. To determine which domain is
important for RNA binding, EMSAs were carried out using two
truncated versions of FgHex1: FgHex1-N and FgHex1-C (Fig. 5).
Contrary to our expectations, both truncated versions of the
FgHex1 protein bound to the 50-UTR of the plus-strand RNA but
not to the 30-UTR of the plus-strand RNA. This result indicates that
each of the two domains of the FgHex1 protein has a distinct RNA-
binding motif and that both regions are required for the binding of
FgHex1 to the 30-UTR of plus-strand RNA.
In accordance with previous studies of the HEX1 gene (Son
et al., 2013), we used an incubation period of 5 days for all virus-
infected fungal strains. Results of both the northern blot analysis
and ﬁrst-strand qRT-PCR analysis were consistent with the results
from a previous qRT-PCR analysis (Son et al., 2013) in that viral
RNA accumulation increased in a HEX1 over-expression strain and
decreased in a HEX1 deletion strain (Fig. 6A). Based on the ﬁrst-
strand qRT-PCR results, the ratio of plus-strand to minus-strand
viral RNA accumulation was approximately 3:1 in all virus-infected
strains (Fig. 6B). To further verify insight into a mechanism by
which viral RNA accumulation can be affected by host proteins, we
used a protoplast system. However, RNA transfection or insertion
of DNA clone mediated fungal transformation for mycovirus
infection is currently unavailable in the FgV1-F. graminearum sys-
tem. Therefore, we used pre-infected protoplasts generated from
freshly grown mycelia of FgV1 infected strains, not from conidia.
Same number of pre-infected protoplasts were utilized for incu-
bation and total RNA extraction. Then, we determined variations of
FgV1 RNA accumulations during 36 h among each VI strain using
accumulation level at 0 h as a control point. Relative to protoplast
production from conidia, however, protoplast production from
mycelia was inefﬁcient and slow and required more cell wall
degradation enzyme. In spite of these disadvantages, this approach
enabled us to quantify plus- and minus-strand viral RNA synthesis
using northern blot and ﬁrst-strand qRT-PCR.
In nature of RNA virus in host cell, virus replicates through
plus-strand RNA to initiate viral replication steps. These replicon of
plus RNAs act like cellular mRNAs and serve as templates for
translation. In parallel, these RNAs can also be used as templates
for minus-strand RNA synthesis or packaged by the viral capsid
protein subunits to produce new progeny virions (Ahlquist et al.,
2003; Ahlquist, 2006; Wang and Li, 2012). It follows that plus-
strand RNA synthesis is important in the life cycle of the virus in
the host cell. Our northern blot and ﬁrst-strand qRT-PCR results
using pre-infected protoplasts incubated for 0 to 36 h demon-
strated that accumulation of plus-strand viral RNAs was greater in
the HEX1 OE-VI strain than in other strains (Fig. 7). These com-
bined results suggest that plus-strand viral RNA synthesis, which
is crucial for maintaining the viral life cycle in the host cell, is
greatly increased by over-expression of the fungal cellular protein
FgHex1.
Although the present study has demonstrated that an F. gra-
minearum cellular protein, FgHex1, affects the accumulation of
both the plus- and minus-strand viral RNAs and that this might
result from the binding of FgHex1 to the 50- and 30-UTRs of
the viral genomic RNA, FgHex1 might have additional functionsrelated to the viral life cycle in the host cell. Because 50- and 30-
UTRs of the viral genomic RNA are important for both the repli-
cation and translation of RNA viruses (Jackson et al., 2010; Shi and
Lai, 2006; Mellits et al., 1998), FgHex1 may affect both viral
replication and viral translation by speciﬁcally binding to both the
50- and 30-UTRs of plus-strand RNA. For example, speciﬁc bindings
of cellular proteins to the 50- or 30-UTRs affecting viral translation
have been reported for several other viruses including inﬂuenza
virus, dengue virus, and hepatitis C virus (Galão et al., 2010; Park
et al., 1999; Polacek et al., 2009; Scheller et al., 2009). Given the
previous research indicating that other cellular proteins from
other organisms affect viral protein translation and given the
speciﬁc binding characteristics of FgHex1, we speculate that
FgHex1 may function as a host factor affecting viral protein
translation. Consistent with this speculation is the ﬁnding that
FgHex1 shares striking structural similarity with eIF5A, a protein
that enhances translation efﬁciency by about 2- to 3-fold (Hen-
derson and Hershey, 2011).
It is also possible that FgHex1 might protect viral RNA from
cellular RNA decay machinery. In general, exoribonuclease func-
tions in the 50-to-30 mRNA decay pathway and exosomes function
in the 30-to-50 mRNA decay pathway (Dickson and Wilusz, 2011;
Moon et al., 2012). RNA viruses must avoid this decay machinery
to survive in host cells. Binding of human antigen R (HuR) protein
to the 30-UTR of sindbis virus, for example, stabilizes viral tran-
scripts and thus promotes productive virus infections in mam-
malian and mosquito cells (Sokoloski et al., 2010). FgV1 may use
FgHex1 to protect its viral RNA form the cellular mRNA decay
machinery. Future research should determine whether FgHex1
functions in viral RNA translation and in viral RNA stabilization in
the FgV1 infection cycle.Materials and methods
Fungal strains and culture conditions
All strains used in this study (Table 1) were stored in 25% (v/v)
glycerol at 80 °C and were reactivated on potato dextrose agar
(PDA; Difco). For nucleic acid manipulation, each F. graminearum
strain was grown in 50 ml of a liquid complete medium [CM, (Son
et al., 2013)] at 25 °C with shaking (150 rpm) for 5 days. Mycelia
were harvested by ﬁltration through miracloth (Calbiochem) and
were ground to a ﬁne powder with liquid nitrogen in a mortar and
pestle.
Computational analysis
Nucleotide sequences from the NCBI database were assembled
using the Seqman program in DNASTAR (http://www.dnastar.
com). Sequence similarity searches of Hex1 proteins and eIF5A
were conducted with the NCBI BLAST program. The amino acid
sequences of Hex1 and eIF5A were aligned with the MegAlign
program in DNASTAR, using a default setting and GeneDoc pro-
grams (http://www.nrbsc.org/gfx/genedoc).
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workspace (http://swissmodel.expasy.org) as previously descri-
bed (Henderson and Hershey, 2011). The tertiary structures of
FgHex1 and Fg_eIF5A were predicted based on homology model-
ling and comparison with Hex1 of N. crassa (PDB entry 1KHI) and
with Methanococcus jannaschii (PDB entry 1BKB), respectively
(Yuan et al., 2003). Figures depicting molecular structure were
prepared using the PyMOL program (The PyMOL Molecular Gra-
phics System).
Fungal protein extraction and western blot analysis
Fungal proteins were extracted as previously reported (Son
et al., 2013). A 200-μg quantity of extracted total protein was
resolved on a Mini-PROTEANs TGX™ Precast gel (Bio-Rad) and
transferred to a Hybond-P membrane (GE Healthcare) in transfer
buffer (25 mM Tris, 380 mM glycine, 20% methanol). The mem-
brane was blocked for 16 h in tris-buffered saline-Tween 20 (TBST)
plus 2.5% skim milk (10 mM Tris, pH 7.4, 100 mM NaCl, 0.05% (v/v)
Tween-20) and was probed with anti-Hex1 antibody (1:200) in
TBST plus 1% skim milk for 1 h at room temperature. The mem-
brane was further probed with horseradish peroxidase-conjugated
anti-rabbit IgG secondary antibody at 1:2000 dilution for 1 h. The
membrane was evaluated for chemiluminecence using the Amer-
sham ECLWestern blotting detection reagents and analysis system
(GE Healthcare) according to the manufacturer's protocol.
Preparation of protoplasts and total RNA extraction
Protoplasts of all of the virus-infected strains were prepared by
treating fresh mycelia grown in CM liquid culture for 4 h at 30 °C
with 1M NH4Cl containing 15 mg/ml of driselase (InterSpex Pro-
ducts) as previously described with modiﬁcation (Son et al., 2013).
Protoplasts were harvested by centrifugation at 2,544 g at 4 °C
for 10 min. They were then washed twice with STC (1.2 M sorbitol,
10 mM Tris–HCl, pH 7.5, 50 mM CaCl2) and suspended in 500 μl of
MMC buffer (0.6 M mannitol, 10 mM 3-(N-morpholino)propane-
sulfonic acid (MOPS), pH 7.0, and 10 mM CaCl2). Protoplast sus-
pensions were incubated at 25 °C for 0, 18, and 36 h before pro-
toplasts were harvested by centrifugation at 800 g at 4 °C for
5 min.
For total RNA preparation, the powdered mycelia or harvested
protoplasts were suspended in Isol-RNA lysis reagent (5 PRIME).
Nucleic acid was extracted according to the manufacturer's protocol
with slight modiﬁcation. The extracted total RNAs were puriﬁed
twice with acid phenol:chloroform (1:1), precipitated with iso-
propanol, suspended in DEPC-treated water, and further treated
withTURBO DNA-free™ (Ambion) to remove genomic DNA.
Plasmid construction and RNA transcription
Plasmid were constructed by ﬁrst digesting the parent plasmid,
pUC19, with EcoRI and BamHI. The positive and negative strand
from each region of FgV1 were then ampliﬁed by PCR and ligated
with digested pUC19 plasmid. All constructs were inserted
downstream of the bacteriophage T7 promoter (Fig. 3A). The
plasmids were then linearized with BamHI and used as templates
for in vitro synthesis of positive- and negative-strand RNAs.
The RNA probes were prepared as described previously (14)
with slight modiﬁcation. The [32P]-labeled RNA probes were
obtained by transcription in the presence of 25 mCi [α-32P] dCTP
(3000 Ci/mmol; Perkin Elmer), 20 mM CTP, and 400 mM each of
ATP, GTP, and UTP using linearized plasmid DNAs. Transcribed
RNAs were puriﬁed twice with acid phenol:chloroform (1:1),
precipitated with ethanol and 3 M NaOAc, and suspended in 1EMSA binding buffer (10 mM Tris–HCl, pH 7.5, 10 mM MgCl2,
100 mM KCl, 10 mM DTT, 10% glycerol).
FgHex1 protein expression in Escherichia coli
The full-length F. graminearum HEX1 gene was cloned into the
pET-28a(þ) vector (Novagen) between EcoRI and BamHI restric-
tion enzyme sites, and the resulting plasmid was transformed into
E. coli strain BL21-CodonPluss-RIL competent cells. Cells were
grown at 37 °C in LB medium to an optical density of 0.6 at 600 nm
and were induced with 0.4 mM IPTG. The collected cells were
lysed by sonication in buffer containing 20 mM NaH2PO4 H2O,
500 mM NaCl, and 20 mM imidazole (His-tag column binding
buffer). After cell debris was removed by centrifugation, the
FgHex1 protein in the supernatant was puriﬁed using His Gravi-
Trap (GE Healthcare). The eluted FgHex1 protein was desalted
using a PD-10 desalting column (GE Healthcare). The ﬁnal protein
was eluted in 1 EMSA binding buffer.
Electrophoretic mobility shift assays (EMSAs)
EMSAs were carried out as described previously (Kim et al.,
2002) with slight modiﬁcation. A 10-ng quantity of uniformly
labeled RNA transcripts was incubated with recombinant FgHex1
protein on ice in a ﬁnal volume of 10 ml of 1 EMSA binding
buffer. The reaction mixtures were mixed with a 0.2 volume of 5
loading buffer (50% glycerol and 0.05% bromophenol blue) and
analyzed on a 5% non-denaturing polyacrylamide gel made in
0.5 TBE. The samples were electrophoresed at 100 V (4 °C) for
40 min. The gels were dried completely with a vacuum dryer. The
images were visualized using a Fuji BAS-2500 Phosphor Imager
and corresponding imaging software (Fuji). The relative intensities
of bands corresponding to RNA-protein complexes were deter-
mined with TotalLabQuant software (TotalLabQuant). In competi-
tion experiments, cold RNAs were also added as competitors 5 min
before addition of labeled RNA probes.
Quantitative real-time RT-PCR (qRT-PCR) and northern blot analyses
The ﬁrst-strand cDNAs were synthesized with SuperScripts III
First-Strand Synthesis System for RT-PCR (Invitrogen) and with
viral RNA-speciﬁc primers to quantify strand-speciﬁc viral RNA
accumulation. cDNAs were synthesized using strand-speciﬁc pri-
mers (FsRevT Fw and FsRevT Rv for ()- and (þ)-strand synthesis,
respectively; Table S1) and treated with RNase H following man-
ufacturer's instruction (Invitrogen). qRT-PCR was performed on a
CFX96 Real-Time PCR System (Bio-Rad) using the SsoFast™ Eva-
Greens Supermix (Bio-Rad) according to the manufacturer's
instructions. An initial denaturation at 95 °C for 10 min was fol-
lowed by 40 cycles of 5 s at 95 °C and 5 s at 58 °C. Two endogenous
reference genes, cyclophilin 1 (CYP1, locus FGSG_07439) and
elongation factor 1α (EF1α, locus FGSG_08811), were used in each
experiment. The PCR primers used in this study (see Table 2 in the
supplemental material) were produced at an oligonucleotide
synthesis facility (Bioneer).
For northern blot analysis, a 5-mg quantity of extracted total
RNAs was analyzed on 1% denaturing agarose gel containing MOPS
and formaldehyde. The RNA samples were electrophoresed at 60 V
for 4 h, and the gels were then soaked twice with denaturing
solution (3 M NaCl and 0.01 N NaOH) for 15 min and 20 min at
room temperature. The gels were capillary blotted onto positively
charged nylon membranes (GE Healthcare) in 3 M NaCl and 0.01 N
NaOH for 12 h. The [32P]-labeled RNA probes were generated by
in vitro transcription as described above. The hybridization reac-
tion was performed at 42 °C for 16 h. After hybridization, unhy-
bridized RNA probe was removed by washing with low (2x SSC
M. Son et al. / Virology 489 (2016) 202–211 211and 0.1% SDS) and high (0.1x SSC and 0.1% SDS) stringency buffers.
The blotting image was visualized using a Fuji BAS-2500 Phosphor
Imager and corresponding imaging software (Fuji).Acknowledgments
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